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O

ne of the coldest stable liquid cryoenvironments known on
Earth is the recently described Lake Vida brine (1, 2). Lake
Vida, situated in Victoria Valley, East Antarctica, is one of the
largest lakes in the McMurdo Dry Valleys. Most of the dry valley
lakes are perennially covered with three to six meters of ice, which
allows for limited atmospheric exchange and light penetration.
However, the thick (⬎27-m) perennial ice of Lake Vida is void of
sunlight below ⬃6 m due to gas bubbles with hoar frost and sediment layers (1) and creates a sealed brine reservoir below 16 m.
This brine has not exchanged gases with the atmosphere for an
estimated 2,800 years (1). The anoxic brine (with a salinity range
from 188 to 210) is a unique ecosystem with a temperature of
⫺13.4°C, pH of 6.2, high solute concentrations (e.g., NH4⫹, 3.8
mM; Fe, ⬎300 M; NO3⫺, 905 M), and high levels of dissolved
organic carbon (580 mg liter⫺1) (2).
Lake Vida brine microbial assemblage is dominated by Bacteria
(⬃107 cells ml⫺1) (2). Eight bacterial phyla were identified from a
16S rRNA gene clone library from brine collected by filtration
with 0.2-m-pore-size filters: Proteobacteria (classes Gammaproteobacteria, Deltaproteobacteria, and Epsilonproteobacteria), Lentisphaera, Firmicutes, Spirochaeta, Bacteroidetes, Actinobacteria,
Verrucomicrobia, and candidate division TM7 (2). According to
the authors, the brine microbial assemblage is composed of two
cell size classes. One class consists of typical aquatic bacteria with
sizes of ⬎0.2 to 1.0 m. The second cell size class, with 100 times
the abundance of the larger cells, consists of ultrasmall cell-like
particles of ⬃0.2 m.
Ultrasmall microorganisms (organisms small enough to pass
through 0.2-m-pore-size filters) have been observed inhabiting
different environments as parasites, symbionts, and free-living
cells. Phylogenetic, morphological, and (meta)genomic charac-
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terizations of cultivated and uncultivated ultrasmall microbial
cells from glacial ice (3–5), seawater (6–8), permafrost (9–11), soil
(12–14), subsurface water and deep groundwater (15), freshwater
(16), acid mine drainage (17, 18), deep-sea hydrothermal vents
(19–21), and insect guts (22) show how prevalent these tiny microorganisms are on our planet.
Different terminologies, such as ultramicrobacteria and ultramicrocells, are now used to classify ultrasmall microorganisms
(reviewed in reference 23). The differences between ultramicrobacteria and ultramicrocells are structural and are related to specific life histories (Fig. 1). “Ultramicrobacteria” (24) is a term used
to describe bacterial species with cell volumes of ⬍0.1 m3 which
maintain similar cell size and volume regardless of their growth
condition (Fig. 1A). The term “ultramicrocells” refers to cells
reduced in size and volume as a consequence of unfavorable
environmental factors or those with life cycle changes in morphology from rod to small cocci (Fig. 1B and C). Ultramicrocells are usually stressed, starved, dormant, or under osmotic
pressure and increase in size and volume when cultivated (25,
26). Reduction of the cell size and morphological transition to
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The anoxic and freezing brine that permeates Lake Vida’s perennial ice below 16 m contains an abundance of very small (<0.2m) particles mixed with a less abundant population of microbial cells ranging from >0.2 to 1.5 m in length. Fluorescent DNA
staining, electron microscopy (EM) observations, elemental analysis, and extraction of high-molecular-weight genomic DNA
indicated that a significant portion of these ultrasmall particles are cells. A continuous electron-dense layer surrounding a less
electron-dense region was observed by EM, indicating the presence of a biological membrane surrounding a cytoplasm. The ultrasmall cells are 0.192 ⴞ 0.065 m, with morphology characteristic of coccoid and diplococcic bacterial cells, often surrounded
by iron-rich capsular structures. EM observations also detected the presence of smaller unidentified nanoparticles of 0.020 to
0.140 m among the brine cells. A 16S rRNA gene clone library from the brine 0.1- to 0.2-m-size fraction revealed a relatively
low-diversity assemblage of Bacteria sequences distinct from the previously reported >0.2-m-cell-size Lake Vida brine assemblage. The brine 0.1- to 0.2-m-size fraction was dominated by the Proteobacteria-affiliated genera Herbaspirillum, Pseudoalteromonas, and Marinobacter. Cultivation efforts of the 0.1- to 0.2-m-size fraction led to the isolation of Actinobacteria-affiliated genera Microbacterium and Kocuria. Based on phylogenetic relatedness and microscopic observations, we hypothesize that
the ultrasmall cells in Lake Vida brine are ultramicrocells that are likely in a reduced size state as a result of environmental stress
or life cycle-related conditions.

FIG 1 Diagram demonstrating the distinctions between ultramicrobacteria
and ultramicrocells. (A) Ultramicrobacteria; (B) ultramicrocells formed in
response to unfavorable environmental conditions, such as hyperosmotic
stress; (C) ultramicrocells formed as a consequence of aging; rod-to-sphere
transition during late-log and stationary phases of the bacterial life cycle.

a cyst-like resting cell have been previously described as strategies to maintain cell integrity and function in extremely cold
and salty environments (27–29).
Here, microscopy imaging, elemental analyses, DNA-based
molecular approaches, and culturing were employed to characterize the ⬃0.2-m cell-like particles previously observed by Murray
et al. (2) in the Lake Vida brine. The results led to the conclusion
that the abundant ⬃0.2-m cell-like particles are Bacteria-related
ultramicrocells. The growth state and means for survival of Lake
Vida ultramicrocells in the natural brine environment remain under investigation.
MATERIALS AND METHODS
Brine sampling and cell size fractionation. Samples were collected in
November 2010 from an ⬃20.4-m hole drilled near the middle of Lake
Vida, at 77°23=19.73==S, 161°55=52.99==E. To reduce risk of contamination, instruments used for entry and sampling approaches were cleaned
with a dichloromethane-methanol mix (1:1, vol/vol) (30). After drilling,
brine infiltrated the borehole until it reached a depth of ⬃11 m below the
ice surface (see Fig. S1 in the supplemental material). The brine was removed using a submersible pump (Proactive SS Monsoon) prior to sample collection to allow for sampling of fresh brine in the borehole. Samples
were collected at a depth of 18.4 m using the submersible pump and
polytetrafluoroethylene (PTFE) tubing that guided the brine to two separate PTFE lines (see Fig. S1). One line was used to collect the brine into 2and 10-liter high-density polyethylene (HDPE) bottles under a nitrogen
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atmosphere for biomass collection. The second line guided the brine into
an anaerobic glove bag (AtmosBag; Aldrich), where samples were collected for microscopy and geochemical analyses. Anoxic conditions were
applied during all processes of sampling, filtering, and fixing the brine.
Collected samples were stored at ⫺10°C until processed.
All filtration was conducted under anoxic conditions at ⫺10°C. For
size fractionation, brine biomass of ⱖ0.2 m was harvested on 0.22-mpore-size Sterivex filters (Millipore) and stored in a sucrose lysis buffer
(31) for DNA extraction and on 0.22-m-pore-size 142-mm membrane
filters (Supor, Pall) and stored in RNAlater stabilization solution (Life
Technologies) for total RNA extraction. The filtrate, composed of cells
that passed through the 0.22-m-pore-size filters, was collected in 1-liter
glass bottles under anaerobic conditions and incubated for 30 days at
⫺10°C. After incubation, the filtrate was passed again through 0.22-mpore-size Sterivex filters, and the cells that passed through the 0.22-mpore-size filters (the brine ultrasmall microbial assemblage [LVBrUMA])
were collected for DNA extraction and culturing. For DNA extraction,
cells were collected on 0.1-m-pore-size Supor-100 filters (Pall) and
stored in a sucrose lysis buffer at ⫺80°C. For culturing, the filtrate was
preserved in 20% glycerol (vol/vol) and stored at ⫺80°C.
Microscopy (confocal, scanning electron microscopy [SEM], and
scanning transmission electron microscopy [STEM]) and energy dispersive X-ray spectroscopy (EDS) analysis. Confocal microscopy
(Olympus FluoView 1000 confocal microscope) was used to determine
cell abundance in Lake Vida brine. Brine samples were fixed with 3.7%
anoxic formalin (vol/vol) or 0.5% anoxic glutaraldehyde (vol/vol) under
anoxic conditions during sampling. Fixed cells in the brine were stained
with SYBR Gold (Invitrogen, Carlsbad, CA, USA) for 10 min and filtered
onto 0.22-m-pore-size black polycarbonate filters (Millipore) under a
nitrogen atmosphere.
Electron microscopy was used to assess the size and morphology of the
Lake Vida brine microbial cells. For SEM, brine aliquots (0.2 to 1 ml) were
fixed with 0.5% anoxic glutaraldehyde (vol/vol final concentration) under
anoxic conditions and filtered onto 0.22-m-pore-size polycarbonate
and 0.02-m-pore-size Anodisc filters (Whatman). Cells were dehydrated by an ethanol series (30, 50, 70, 90, and 100%) under ambient
conditions, dried in air, and coated with 1 to 3 nm of iridium or platinum
to prevent charging during image acquisition. For STEM, two cell preparation protocols were developed. In one protocol, cells from a drop (20
l) of anoxic fixed brine were transferred to a LuxFilmTM 2-mm openarea grid on a copper support and subsequently negative stained with
phosphotungstic acid (PTA; H3PW12O40) at pH 0.4 for 30 s. In the second
protocol, anoxic fixed brine was first treated with 40 mM EDTA (sample
ratio by volume of 9:1), pH 8.0, for 10 min at room temperature, and then
the suspension was transferred to a carbon type B 300-mesh copper grid,
negative stained with uranyl acetate [UA; UO2(CH3COO)2·2H2O] at pH
4 to 5 for 5 min, and washed in deionized water. All buffers, solutions, and
stains for EM analyses were filtered through 0.02-m-pore-size filters
immediately before use. EM observations were performed with a Carl
Zeiss Ultra55 field emission instrument. SEM images were acquired with
an Everhart-Thornley or annular secondary electron detector at working
distances of 4 to 5 mm and 2.0 keV accelerating voltage. Beam energies of
20 to 30 keV were used to acquire STEM images.
EDS was performed using an Oxford Instruments INCA 350 system
equipped with an XMax 80-mm2 silicon drift detector to determine the
elemental composition of the brine cells supported on filters and grids.
EDS signal counts were collected for 240 s (live time) with an accelerating
voltage of 4 to 5 keV and an analytical working distance of 8.5 mm.
Cell and unidentified particle dimensions were measured using
ImageJ (http://imagej.nih.gov/ij). A total of 465 cells and particles from
SEM and STEM micrographs were measured to obtain representative size
distributions.
Grazing angle X-ray diffraction. Grazing angle X-ray diffraction
(gXRD) patterns were acquired with a Bruker D8 Advance diffractometer
using Cu(K␣) radiation ( ⫽ 1.5405 Å) and an NaI scintillation detector
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to identify the inorganic phase(s) of iron-containing precipitates that
coated the ultrasmall cells. A 0.2-m-pore-size polycarbonate filter with a
tan-colored mat of captured cells and brine material in suspension was
used for the measurements. The diffractometer was equipped with parallel beam optics (Goebel mirror) and thin film receiving slit accessories to
enable measurement at an angle of 1°. Diffraction patterns were acquired
between 10 and 80°, 2 (coherent scattering angle), with a data spacing of
0.02° at 3 s per step.
Cultivation of heterotrophic bacteria from brine fractions. Cultivation efforts were conducted to compare isolate recovery and identity in
0.22-m-pore-size-filtered and unfiltered brine and followed the approach used in previous reports (2, 32). Glycerol stocks of 0.22-m-poresize-filtered and unfiltered brine were inoculated and incubated under
aerobic growth conditions at three different temperatures, 2°C, 10°C, and
21°C, on five different solid media prepared with Bacto agar for all but
medium iii, which was purchased as agar medium: (i) R2A (Difco), (ii)
R2A-5% NaCl, (iii) marine agar (Difco)-5% NaCl, (iv) casein (Difco),
and (v) malt extract (for fungi; Bacto). Plate counts were determined after
120 days for the 0.22-m-pore-size-filtered brine and after 110 days for
the unfiltered brine. A subset of CFU was selected based on morphological
characteristics for isolation and identification based on 16S rRNA gene
phylogeny.
Nucleic acid extractions and 16S rRNA gene and phylogenetic analyses. Genomic DNA was extracted from both 0.22-m-pore-size Sterivex
filters and the 0.22-m filtrate collected on 0.1-m-pore-size filters, according to Massana et al. (31). The genomic DNA extracted was quantified using PicoGreen (Life Technologies) on a Spectromax Gemini (Molecular Devices).
Total RNA was extracted from cells collected on 0.22-m-pore-size
142-mm filters using a modified Totally RNA protocol (Life Technologies) (2). The volume of the 0.22- to 0.1-m filtrate was limited and thus
was not available for RNA extraction. In brief, filters were cut up using
RNase-free blades in petri dishes and added to 50-ml conical tubes, and
then acid phenol-chloroform was used as an initial separation step along
with an additional phenol-chloroform extraction, followed by two chloroform extractions. Linear polyacrylamide was added to the first isopropanol precipitation step to facilitate nucleic acid precipitation. Two
DNase I treatments (Life Technologies) were performed to ensure no
genomic DNA contamination, followed by purification using an RNeasy
kit (Qiagen). RNA was quantified using RiboGreen (Life Technologies).
cDNA primed with random hexamers was reverse transcribed (SuperScript III; Life Technologies). No RNA was extracted from the 0.1- to
0.22-m-cell-size fraction.
Molecular profiles of 16S rRNA gene fragments were conducted by
denaturing gradient gel electrophoresis (DGGE; D-Code System; BioRad), where (i) complementary reverse-transcribed DNA (crDNA) from
cells ⱖ0.2 m, (ii) genomic DNA from cells ⱖ0.2 m, and (iii) genomic
DNA from the 0.1- to 0.22-m-cell-size fraction were amplified with the
primers targeting the V3 variable region of the 16S rRNA gene:
BactGC358f and 517r (33) following previously used conditions (34),
with a total of 28 cycles. DGGE also followed a standard protocol (34)
using a linear gradient of 30% to 65% denaturants. Lake Vida brine cloned
16S rRNA genes from 2005 samples (2) were used as DGGE molecular
markers to identify comigrating bands. GelCompar II version 6.5 (Applied Maths) was used in gel image analysis, DGGE banding patterns
based on presence and absence were compared using Pearson’s correlation coefficient (r), and cluster analyses were performed according to the
unweighted-pair group method with average linkages (UPGMA) using
the Statistica version 6.1 software package (StatSoft). The average linkage
distance between the three samples is the arithmetic mean of distances
between all band pairs in different samples.
A 16S rRNA gene clone library was constructed to phylogenetically
identify components of the 0.1- to 0.22-m-cell-size assemblage. Products of four PCRs (24 cycles each) of genomic DNA amplified with the
primers Bact27F and Univ1391R (35) were gel purified and pooled for
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cloning using the TOPO TA cloning kit (Life Technologies), according to
the manufacturer’s recommendation. Transformants were screened using
blue-white screening. Plasmids were extracted by the QIAprep Spin miniprep kit (Qiagen) and sequenced with BigDye V3.1 (Life Technologies)
using vector primers T7 and T3. Additionally, PCR amplicons (primers
Bact27F and Univ1301R) from bacterial culture genomic DNAs were directly sequenced. DNA fragments were sequenced on a Prism 3730 DNA
Analyzer (Life Technologies).
Sequences were trimmed and assembled, edited (BioEdit) (36), and
checked for chimeras using Bellerophon (http://greengenes.lbl.gov) (37).
To identify nearest neighbors, sequences were compared to the GenBank
database by BLASTn (38) to the nucleotide collection (nr). Sequence
alignments were constructed with the nearest alignment space termination (NAST) algorithm (39), and then a phylogenetic tree was constructed
by neighbor-joining analysis (Mega 5) (40) with 1,000 bootstrap replicates. Evolutionary distances were computed using the Jukes-Cantor
model.
Comparative phylogenetic analyses were performed among clone libraries from LVBrUMA, the Lake Vida brine 2005 clone library (2), the
microbial assemblage within Lake Vida ice cover (34), and the Blood Falls
(a subglacial outflow from the Taylor Glacier) microbial assemblage (41)
following the methods of Murray et al. (2). Briefly, data sets downloaded
from GenBank were aligned (NAST; 1,068 aligned base positions for all
sequences), and then distance matrices were calculated for each library.
Nonredundant data sets were generated for each library at a distance of
0.01 using Mothur (42). UniFrac (43) was used to calculate statistical
comparisons among the libraries to investigate their associations with and
without abundance weight of the microbial assemblage components.
Nucleotide sequence accession numbers. 16S rRNA gene sequences
generated in this study are listed under accession numbers JX136966 to
JX136986 for LVBrUMA and under KF384117 to KF384126 for representatives of the cultivated isolates.

RESULTS

Microscopy and elemental analyses. Confocal microscopy observations of brine cells stained with a nucleic acid-targeted fluorescent stain indicated nucleic acid content in the cell-like particles
(2). Coccoid cells with a consistent diameter of ⬃0.2 m accounted for 6.13 ⫾ 1.65 107 cells ml⫺1, while larger cells (0.2 to 1.5
m in length) accounted for 1.47 ⫾ 0.25 105 cells ml⫺1.
The two cell size populations were confirmed by EM (Fig. 2).
SEM of brine fixed in glutaraldehyde (1 ml), filtered onto 0.2-mpore-size polycarbonate filters, and dried in air revealed a dense
network of filamentous material colocated with cells and particles
(Fig. 2A). The addition of an ethanol dehydration series after fixation and filtration resulted in disruption of the dense filamentous
network, allowing visualization of a mat of cells and organic and
inorganic material covering the filter surface (Fig. 2B). Coccoid
cells of ⬃0.2 m in diameter, larger cells such as rod-shaped bacteria (⬃0.4 m by ⬃1.5 m), and abundant smaller particles
(nanoparticles) ranging in size from approximately 0.020 to 0.140
m in diameter were observed (Fig. 2B).
Filtration of smaller brine volumes (ⱕ500 l), followed by
ethanol dehydration steps, washed away more of the residue, facilitating the observation of the ultrasmall cells (Fig. 2C and 3A).
The 0.2-m pores of the polycarbonate filter provided a convenient particle size reference and indicated a size range of 0.03- to
0.25-m particles (Fig. 2C). The ultrasmall cells were spherical,
with a granular appearance or coating. In addition, fiber-like filaments connecting cells and particles were observed, likely a remnant of the filamentous material shown in Fig. 2A.
When filtered cells were treated with a 0.4 pH phosphotungstic
acid stain, the granular coating was removed and cells had a flat-
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FIG 2 The two cell size populations and nanoparticles of Lake Vida brine. (A) SEM of fixed brine prepared on a 0.2-m-pore-size polycarbonate filter, air-dried
(not dehydrated). A microbial cell trapped on the filamentous network is indicated by the white arrow. (B) SEM of fixed and dehydrated brine prepared on a
0.2-m-pore-size polycarbonate filter showing the brine cells surrounded by a dense layer of organic and inorganic material covering the filter (volume of brine
filtered, 1 ml). (C) SEM of fixed and dehydrated Lake Vida ultrasmall microbial cells prepared on a 0.2-m-pore-size polycarbonate filter (volume of brine
filtered, 0.5 ml). Nanoparticles attached to the cell surface (indicated by black arrows) and uncharacterized filaments connecting the cells (indicated by white
arrows). (D) STEM of fixed and dehydrated brine cells treated with EDTA and stained with UA, pH 4 to 5. A cell of ⬃0.2 m in diameter is shown on the left of
the image, and a rod-shaped bacterial cell is shown on the right. (E) STEM of ultrasmall brine cells stained with PTA, pH 0.4. Scale bars are shown in each
micrograph. (F) Size distribution of cells and unidentified nanoparticles in Lake Vida brine.

tened appearance but were still round and exhibited a depressed
center (Fig. 3B). Treatment of the brine with EDTA also removed
the external coating that surrounded the cells (Fig. 2C), similar to
the PTA stain (Fig. 3B). Particles substantially ⬍0.2 m in size
were no longer distinctly observed. The very small size and less
rigid structures may have allowed them to pass through the filter.
Clearly, preparation of the brine for EM imaging was a critical step
that revealed various features according to treatment.
STEM micrographs of negative-stained ultrasmall cells showed
the effects of different preparative steps that removed the granular
coating (Fig. 2D and E and 3C). Ultrasmall and rod-shaped cells
did not appear to be collapsed (Fig. 2D) when treated with EDTA
followed by uranyl acetate stain at pH 4 to 5, as did those treated
with PTA (Fig. 2E and 3C). STEM observations showed an electron-dense layer surrounding a less electron-dense region, char-
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acteristic of negative-stained microbial cells in which the membrane takes up stain to provide contrast, permitting identification
of cellular components. In addition to the individual cocci, diplococcic morphology was observed by visualization of cell envelope
connections (Fig. 2E).
EDS measurements were performed to investigate the chemical nature of the apparent granular coating of 0.2-m cells prepared under aerobic conditions and to provide additional evidence that these particles are indeed cells by colocation of negative
stain with membranes. Figure 3A shows an SEM image of cells
prepared as described for Fig. 2C, but with the addition of UA at
pH 4 to 5. EDS spectra were acquired at cell locations and on the
polycarbonate filter. The position labeled “1” in Fig. 3A has carbon and oxygen signals ascribed to the polycarbonate filter and a
clear peak at 2.05 keV due to the M␣ atomic emission line of Pt.
Applied and Environmental Microbiology
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FIG 3 EDS analyses of the brine ultrasmall cells. (A) EDS analyses of cells stained with uranyl acetate [UA; UO2(CH3COO)2·2H2O], pH 4 to 5; (B) EDS analyses
of cells stained with UA followed by phosphotungstic acid stain (PTA; H3PW12O40), pH 0.4. Cells were fixed, stained, deposited on a polycarbonate filter, and
coated with platinum. Numbers 1 and 2 mark the spots where EDS analyses were measured: 1, the background; 2, the cells. (C) EDS analyses during STEM
observations of cells stained with PTA, pH 0.4, and deposited on a LuxFilm grid. Numbers 1, 2, and 3 mark the spots where EDS analyses were measured: 1,
background; 2, electron-dense edge of the ⬃0.2-m cell; and 3, less electron dense in the middle of the cell. The weak nitrogen X-ray emission line is swamped
by intense C and O signals, the latter due to the Fe,O coating. Elements identified by EDS: C, carbon; N, nitrogen; O, oxygen; Fe, iron; Na, sodium; As, arsenic;
Pt, platinum; W, tungsten; Al, aluminum; Si, silicon; Cl, chlorine; and U, uranium.

Positions labeled “2” in Fig. 3A, located at cells, show a distinct
iron peak at 0.71 keV. In addition, the oxygen-to-carbon peak
intensity ratios are reversed compared to those of position 1, suggesting significantly more oxygen than carbon at cells. Significantly, weak but definitive signals due to the M-shell family of
uranium lines were observed with a maximum at 3.172 keV (M␣)
when the electron beam was focused on the cells but not when the
polycarbonate filter was irradiated. This observation is highly suggestive of UA-stained 0.2-m cells (44). To support this assertion,
10 EDS measurements, each of both ⬃0.2- and ⬃0.10-m cells,
were performed. Eighty percent of the 0.2-m cells showed a definitive uranium signal, while only 30% of the ⬃0.1-m fraction
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had a spectrum similar to that shown in Fig. 3A. We hypothesize
that there is a distinction in size between actual cells and nanoparticles, which were both coated with a robust iron and oxygen
(Fe,O)-rich coat and had a granular appearance. Cells tended to be
larger and took up the UA stain, while noncells (lacking the UA
stain) were smaller.
Brine treated with EDTA or PTA at low pH removed the Fe,Orich coating, which resulted in nonspherical cell shapes and collapsed cells on the filter (Fig. 3B). EDS spectra acquired from the
filter (Fig. 3B, position 1) showed robust C, O, and Pt signals and
a weak tungsten peak (W, M␣ ⫽ 1.78 keV). However, spectra
obtained from cell locations (Fig. 3B, position 2) showed a more
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Closest cultivated
relative (GenBank
ID)

Lake Vida brine isolate(s)
(GenBank ID)

No. of
isolates

Medium (temp [°C])

LV10fR510-15 (KF384117)

13

R2A-5% NaCl (10 and 20)

LV10fR510-14 (KF384118)

1

R2A-5% NaCl (10)

LV10fR520-8 (KF384119)

1

R2A-5% NaCl (20)

LV10R510-5 (KF384120);
LV10R510-8
(KF384121)

20

R2A-5% NaCl and marine agar-5%
NaCl (10 and 20)

Marinobacter sp.
strain LV10S
(EU908281)

99.5 (1,211/1,217)

LV10R510-11A
(KF384122);
LV10MA510-1
(KF384123)

8

R2A-5% NaCl and marine agar-5%
NaCl (10 and 20)

Marinobacter sp.
strain ELB17
(AY518678)

99.2 (1,221/1,230)

LV10R510-2 (KF384124)

1

R2A-5% NaCl (10)

98.6 (1,214/1,230)

LV10R520-6 (KF384125)

3

R2A-5% NaCl and casein agar (10
and 20)

Marinobacter
psychrophilus
strain R-36953
(FR691434)
Psychrobacter sp.
strain LV414
(EU908288)

LV10R520-3 (KF384126)

1

R2A-5% NaCl (20)

Arthrobacter
halodurans strain
JSM 078085
(EU583729)

97.2 (1,170/1,203)

% identity (nt)

Closest-relative notes (reference)

Microbacterium lacus
strain R-43968
(FR691402)

98.8 (1,185/1,199)

Microbacterium
testaceum strain
S15-M13
(AM234161)
Kocuria marina
strain KMM 3905
(AY211385)

99.8 (1,197/1,199)

Psychrophilic irregular rod-shaped
actinobacterium isolated from
Lundström Lake, Shackleton
Range, Antarctica (56)
Actinobacterium isolated from
radioactive waste depository
Tomsk-7, Siberia, Russia (77)

99.8 (1,203/1,205)

99.5 (1,209/1,214)

Halotolerant denitrifier coccoid
actinobacterium isolated from
marine sediment from East
Siberian Sea (78)
Psychrotolerant, halophilic rodshaped gammaproteobacterium
isolated from Lake Vida brine
collected in 2005 (32)
Psychrophilic denitrifier rodshaped gammaproteobacterium
isolated from east lobe of Lake
Bonney, Antarctica, at a 17-m
depth (60)
Psychrophilic rod-shaped
gammaproteobacterium isolated
from Forlidas Pond, Pensacola
Mountains, Antarctica (56)
Psychrophilic, halophilic coccoid
gammaproteobacterium isolated
from Lake Vida brine collected
in 2005 (32)
Halotolerant denitrifier
actinobacterium with rodcoccus growth cycle isolated
from South China Sea
seawater (61)

a

16S rRNA gene sequences of the isolates were compared to GenBank, and the nearest related cultivated bacterium is listed along with GenBank accession number. Isolate
identifier: brine with (LV10f) and without (LV10) size fractionation. GenBank accession numbers for Lake Vida type isolates are listed. Type isolates were selected to represent the
group of isolates. Nomenclature as follow: sample/medium/temperature-isolate number. Examples: LV10fR520-8 (LV10f/R5/20-8) is Lake Vida brine collected in 2010 and
fractionated, isolate cultivated on R2A-5% NaCl, at 20°C, isolate number 8; LV10MA510-1 (LV10/MA5/10-1) is Lake Vida brine collected in 2010, isolate cultivated on marine
agar-5% NaCl, at 10°C, isolate number 1. Isolate 16S rRNA gene sequence GenBank accession numbers are in parentheses.

intense signal due to the tungsten M-shell family of atomic lines.
EDS spectra acquired from STEM specimens prepared with PTA
also had a strong tungsten signal at cell positions and a weaker one
on the carbon-coated TEM grid (Fig. 3C). Strong C and O peaks
were accompanied by a weak N signal in the spectra of cells, while
the background yielded weaker C and O peaks and no N signal
(Fig. 3C, spectrum 1). The higher resolution of this image shows
that both cell edges, membranes and centers, took up the PTA
stain, yielding a W signal well above background levels.
EDS measurements showed that the granular coat and the
spherical shape of the ultrasmall cells and nanoparticles were associated in the presence of iron (Fig. 3A). The Fe,O coat indiscriminately covers virtually all material in the brine under certain
conditions (Fig. 2B and C and 3A). Grazing angle X-ray diffraction experiments were performed on a thick layer of fixed, filtered,
and dehydrated brine to determine if the Fe,O material was a
crystalline solid. The gXRD pattern was characteristic of an amorphous material; (bio)minerals such as ferrihydrite, goethite, or
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lepidocrocite, common in precipitated aqueous ferric solutions,
were not observed (not shown).
The majority (96%) of the brine particles (cells and unidentified particles) observed by electron microscopy were ⱕ0.5 m
(Fig. 2F). Half of the particles (52%) ranged from 0.150 to 0.250
m, and of these, 0.192 ⫾ 0.065-m coccoid cells (Gaussian curve
B) comprised 56 to 60% of the total particles measured. Unidentified nanoparticles, 0.084 ⫾ 0.063 m (Gaussian labeled A, Fig.
2F), comprised 31 to 36% of the total particles measured. Differences in size distributions were identified when comparing particles observed by SEM compared to STEM and when comparing
the particles with the presence and absence of amorphous Fe,O in
the preparation (see Fig. S2 in the supplemental material). In the
SEM observations, cells and nanoparticles appeared with similar
abundance. The nanoparticles, however, were not detected in the
STEM observations and were rare in preparations in the absence
of the amorphous Fe,O coat, as discussed previously.
Heterotrophic bacterium cultivation. Aerobic cultivation ef-
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TABLE 1 Summary of the heterotrophic bacterial strains isolated from Lake Vida brine collected in 2010a
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FIG 4 DGGE profile and cluster analysis of PCR-amplified 16S rRNA gene
fragments and 16S cRNA from Lake Vida microbial assemblages. Samples
were loaded as follows: lane 1, amplified DNA from the unfiltered brine; lane 2,
amplified cDNA from the unfiltered brine; lane 3, amplified DNA from
LVBrUMA. L, ladder, Lake Vida 16S rRNA gene clones phylogenetically related to uncultured Verrucomicrobia bacterium (GQ167324) (1), Psychrobacter sp. (GQ167313) (2), uncultured epsilonproteobacterium (GQ167319) (3),
uncultured flavobacterium (GQ167312) (4), Marinobacter sp. (GQ167320)
(5), Sphaerochaeta sp. (GQ167322) (6). The dendrogram, calculated based on
the presence and absence of the amplified 16S rRNA gene partial fragments,
shows the linkage distance between the samples. Letters A to F indicate the six
phylotypes detected in LVBrUMA DNA and the unfiltered brine cDNA.

tity), Marinobacter (98.6 to 99% identity), and the strain Pseudoalteromonas haloplanktis TAC125 (99.3% identity) prevailed in
the Gammaproteobacteria class of the LVBrUMA fraction. The
second most abundant group detected in the LVBrUMA fraction
(35% of sequences) was affiliated with Betaproteobacteria, where
sequences were closely affiliated with Herbaspirillum aquaticus
strain IEH4515 (99.7% identity), which dominated the sequences
detected. Betaproteobacteria-affiliated sequences were not detected in LVBr. Additionally, Deltaproteobacteria, Spirochaeta, and
Lentisphaera sequences (comprising 1%, 7%, and 16% of LVBr,
respectively) were not detected in LVBrUMA. Candidate division
TM7-affiliated LVBrUMA sequences were more closely related to
those recovered in Lake Vida ice at 15.9 m (Fig. 5; 94% identity)
(34) than to those in the LVBr clone library (84% identity) (2).
The compositions of LVBrUMA and LVBr 16S rRNA gene
clone libraries for sequences binned at a distance of 0.03 were 78%
similar. Comparison of LVBrUMA with other environmental 16S
rRNA gene clone libraries showed that LVBrUMA formed an external cluster with LVBr and the 15.9-m-deep portion of Lake
Vida ice cover (see Fig. S3A in the supplemental material) when
phylogenetic distance and the distribution of sequences were
taken into account. Phylogenetic distance and sequence presence/
absence analyses showed LVBrUMA clustering with the 15.9-mdeep ice core assemblage of the lake (see Fig. S3B).
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forts with the ⱕ0.2-m brine fraction at three different temperatures and with five different media yielded a total of 27 CFU isolated at either 10 or 20°C on the R2A-5% NaCl plates after 120
days. The 2°C incubation temperature and other four media tested
did not yield growth after 120 days. Fifteen CFU were isolated and
classified as being related to three Actinobacteria: Microbacterium
lacus strain R-43968 (13 isolates; 98.8% identity across the 16S
rRNA gene), Microbacterium testaceum strain S15-M13 (1 isolate;
99.8% identity across the 16S rRNA gene), and Kocuria marina
strain KMM 3905 (1 isolate; 99.8% identity across the 16S rRNA
gene) (Table 1). Observations by epifluorescence microscopy in
cultures from LV10fR510-15 (Microbacterium lacus related),
LV10fR510-15 (M. testaceum related), and LV10fR520-8 (Kocuria
marina related) indicated rod morphology for all three strains (1.8
m in length, 0.3 m in diameter). In addition, after 10 days,
small coccoid cells (average diameter of 0.235 m) were observed
to cooccur with the larger cells in cultures of LV10fR510-15 and
LV10fR510-15. K. marina did not present any change in morphology. Marinobacter- and Psychrobacter-affiliated bacteria, commonly isolated in the unfiltered brine (2, 32) (see below), were not
isolated from the ⱕ0.2-m brine fraction. Isolation temperatures
are indicated in Table 1.
Cultivation efforts with the unfiltered brine yielded a total of
335 CFU after 110 days from which the 33 selected for isolation
were phylogenetically affiliated with Marinobacter sp. strain
LV10S (20 isolates; 99.5% identity), Marinobacter sp. strain ELB17
(8 isolates; 99.2% identity), Marinobacter psychrophilus strain
R-36953 (1 isolate, 98.6% identity), Psychrobacter sp. strain LV414
(3 isolates at 10 and 20°C, 99.5% identity), and Arthrobacter halodurans strain JSM 078085 (1 isolate; 97.2% identity) (Table 1; see
also Fig. 5). 16S rRNA gene sequence from the Marinobacter-related isolate LV10R510-8 was 100% identical to LVBrUMA clone
sequences. Fungi were not detected in either brine fraction.
Molecular analyses. The microbial assemblages of the
⬎0.2-m brine fraction and LVBrUMA were initially compared
by PCR-DGGE profiling of the 16S rRNA gene (Fig. 4). Cluster
analysis showed that DNA and cDNA profiles from the ⬎0.2-m
brine fraction had a linkage distance of 0.8 (Fig. 4, lanes 1 and 2,
respectively) and clustered separately from the LVBrUMA DNA
profile (lane 3), with a linkage distance of 1.2. The LVBrUMA 16S
rRNA profile shared only six phylotypes out of 30 with the unfiltered brine microbial assemblage cDNA banding profile (Fig. 4A
to F). Based on comigration, DGGE bands B, D, E, and F were
related to Psychrobacter sp., two uncultured epsilonproteobacteria
sequences, and Marinobacter sp.
Analysis of 98 16S rRNA gene sequences from the LVBrUMA
clone library showed that the 0.1- to 0.2-m-size fractionated cells
were affiliated with five bacterial phyla: Proteobacteria (Betaproteobacteria, Gammaproteobacteria, Epsilonproteobacteria), Actinobacteria, Firmicutes, Bacteroidetes, and candidate division TM7
(Fig. 5). The majority of sequences, 80%, were affiliated with the
phylum Proteobacteria. Comparison between the 2005 16S rRNA
gene clone library data of the brine microbial assemblage collected
on a 0.2-m-pore-size filter (LVBr) (2) and the 2010 ultrasmall
microbial assemblage, LVBrUMA, revealed that the phylogenetic
composition of the two cell size fractions had some overlap,
though a number of LVBrUMA-specific sequences were detected.
Gammaproteobacteria was the main class detected in both size
fractions (38% of both assemblages). As shown in Fig. 5, sequences closely affiliated with Psychrobacter (98.6 to 99.1% iden-
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DISCUSSION

Electron microscopy and elemental analyses. The detection of
membrane boundaries and stain signals above background by
electron microscopy and EDS indicates that Lake Vida brine
⬃0.2-m cell-like particles are cellular entities. The observation
of morphological variability, such as diplococci, cells connected
by membrane-septa, presence of a capsular structure, and formation of aggregates, provides additional support to the conclusion
that they are cells.
EDS measurements and grazing angle X-ray diffraction
showed that the cells are surrounded by an amorphous iron and
oxygen (Fe,O) layer. Aqueous Fe2⫹ intrinsic to Lake Vida brine
may have oxidized to Fe3⫹ in air during sample preparation (after
anoxic fixation), which then forms insoluble hydrous ferric oxide
at near neutral pH, forming precipitates on cell and particle surfaces (45). To overcome this side effect and observe cells free of
iron precipitates, PTA (pH 0.4) and EDTA were used to keep the
iron in solution. Alternatively, the cells could be covered by an
amorphous Fe,O layer in the natural brine environment. For example, Lake Vida brine contains a network of uncharacterized
fiber-like filaments connecting cells and particles (Fig. 2A and C)
(2), and we detected microorganisms (e.g., Pseudoalteromonas
antarctica NF3) (46, 47) that are recognized EPS producers. Microbial cells enriched with exopolysaccharides (which carry a net
negative electric charge and have the capacity to bind Fe2⫹ ions)
are known to serve as nucleation sites for Fe(III) encrustation
formed from oxidation reactions (48, 49). The production of EPS
matrices by cells in cold and freezing environments is a strategy
used for cryoprotection (50).
The nature of the smaller nanoparticles of 0.084 ⫾ 0.063 m,
observed by SEM, remains under investigation. As the nanoparticles were more frequently observed in the presence of amorphous Fe,O, they could be a consequence from the nucleation of
amorphous Fe,O on cellular debris, viral particles, other organic
matter, or inorganic particles present in the brine. Evidence, including nanoparticle size, morphology, and attachment to the cell
surfaces, motivates the hypothesis that some of the nanoparticles
might be extracellular membrane vesicles (MV; see Fig. S4 in the
supplemental material) (51). Vesicle production has been reported as a temperature stress response used by mesophiles to
remove undesirable soluble and insoluble components (e.g., misfolded proteins) from the bacterial envelope (52). Protein misfolding in cold and freezing environments is a crucial obstacle that
cells need to overcome for survival. Cold-adapted bacteria from
the genera Marinobacter, Psychrobacter, and Pseudoalteromonas
have been described as producing large numbers of vesicles (20 to
100 nm) attached to cells and extracellular polymeric substances
(EPS) in cultures grown at temperatures from 4°C to 15°C (46,
53). Alternatively, the nanoparticles could also be representative
of inclusion bodies (aggregated proteins associated with cell aging) (54, 55) or viral particles which could serve as nucleation sites
precipitating amorphous Fe,O material. The role of viral particles

is currently unknown in Lake Vida, though recognizable tailed
bacteriophage particles were not observed by electron microscopy.
Composition of the assemblage of Lake Vida ultrasmall cells.
Size fractionation has been demonstrated to be valuable in accessing different components of microbial assemblages in which new
and not readily cultivable bacteria have been enriched (5, 16) or
molecular approaches used (15, 21) to access more diversity than
otherwise apparent. The cultivation efforts in this study were limited to aerobic strategies, similar to what has been successful in
previous efforts (2, 32); however, this approach potentially has not
recovered the extent of diverse cultivable strains inhabiting the
brine. The previous cultivation efforts recovered a limited diversity of facultative aerobes (Marinobacter sp. and Psychrobacter sp.)
using both aerobic and anaerobic enrichment culture attempts.
Cultivation efforts recovered different bacteria from the two cell
size fractions and add to the extent of diversity recovered from
Lake Vida brine. In all cases, we isolated organisms that were
closely related (⬎97% sequence identity) to organisms from cold
habitats but did not have identical 16S rRNA gene sequences to
previously isolated strains. Micrococcaceae (strain LV10fR510-15),
which represented the majority of the 0.2-m-brine-fraction isolates, were closely related (98.8% identity) to Microbacterium lacus
strain R-43968 isolated from a microbial mat at Lundström Lake,
West Antarctica (56). Relatives of other 0.1- to 0.2-m-brinefraction strains (strain LV10fR510-14 and LV10fR520-8) were derived from northern high-latitude ecosystems in or near Siberia
(Table 1).
The unfiltered brine cultivars (32 Gram-negative and one
Gram-positive bacteria) yielded strains dominated by Marinobacter sp., similar to what has been previously reported for Lake Vida
brine (2, 32), in which Psychrobacter sp. and Marinobacter sp. have
repeatedly been cultivated. These genera are well known for inhabiting cold and salty environments (57–59). Two new strainlevel Marinobacter sp. cultivars closely related to strains isolated
from other Antarctic lake systems (56, 60) (Table 1) were isolated
in this study, though no Marinobacter isolates were detected in the
ⱕ0.2-m brine fraction. Three Psychrobacter isolates (closely related to LV414) (32) and one Gram-positive Arthrobacter-related
isolate (strain LV10R520-3) were also identified among the unfiltered brine cultures. The Arthrobacter strain was the first identified
in this ecosystem and was phylogenetically affiliated with a halotolerant actinobacterium cultivated from seawater (61) and more
distantly related to Arthrobacter sp. inhabiting Antarctic dry valley
soils (62). In the anoxic brine habitat, the three Actinobacteria spp.
and the Arthrobacter sp. likely grow using a fermentative metabolism, while those organisms related to Marinobacter sp. and Psychrobacter sp. could potentially use nitrate as a terminal electron
acceptor.
Similar to the results of the cultivation efforts, the molecular
profiling and sequencing results of the size-fractionated brine
samples indicated overlap in assemblage composition as shown by

FIG 5 Neighbor-joining phylogenetic tree based on near-complete 16S rRNA gene sequences from LVBrUMA and distance-affiliated sequences. The alignment
utilized fragment sizes of 1,458 nucleotide positions. The bootstrap values of 1,000 repetitions with support values above 75 are represented at nodes. The scale
bar denotes the divergence percentage between sequences. LVBrUMA environmental clones are represented by gray boxes with white text. GenBank accession
numbers for the nucleotide sequences are in the first set of parentheses, following the sequence name. The number of clones related to the same sequence in the
clone library (0.01 distance) is in the second set of parentheses. Lake Vida brine heterotrophic strains isolated and characterized in this study are in bold
(exception: LV05br1 was isolated from brine collected in 2005); the nomenclature is the same as described in the Table 1 footnote.
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smaller, often acquiring a spherical shape. The characterization of
⬃0.2-m cells presented in this report is consistent with descriptions of stressed bacteria in extreme environments and provides
strong evidence that LVBrUMA are ultramicrocells.
Lake Vida brine ultrasmall microbial cells are in accordance
with the lowest theoretical size for a free-living prokaryotic cell,
which is estimated to be a sphere of 250 to 300 nm in diameter
(76). However, their means of survival in the natural brine environment remain under investigation. Studies of extreme environments such as Lake Vida brine and its ultrasmall microbial community provide additional impetus to understand the existence of
life in freezing brines (potential exohabitats, such as in icy worlds)
and to help determine the minimum size of a biological cell expected to be found in these subzero and hypersaline environments.
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the members of the genus are aerobic mesophiles capable of nitrogen fixation (63). The enrichment of other ultrasmall Betaproteobacteria clades by size fractionation has been reported in studies
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and size and a thick cellular envelope (73, 74). Cyst-like resting
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exhibiting a thick cell wall with an external capsular layer and
low-electron-dense cytoplasm (66), similar to what we observed
in this study with the Lake Vida ultrasmall microbial cells. Further, hyperosmotic stress can result in cell shrinkage as a consequence of water loss (Fig. 1B) (75). Bacteria with thick cell walls
(Gram-positive bacteria), such as Actinobacteria and Firmicutes,
typically do not change morphology in response to hyperosmotic
stress. However, cells with a thin cell wall (Gram-negative bacteria), such as Proteobacteria, can shrink and become distorted and
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